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INTRODUCTION 
The hydrothermal stability of molecular sieve silica (MSS) membranes is an area of increasing research 
interest, in particular for applications such as membrane reactors and membrane gas separation of process 
streams containing hot steam.  In these applications, gas streams are likely to contain water vapor, which 
reacts with the hydrophilic sites in the silica thin films resulting in chemical and microstructural instability 
[1].  
Various research groups have produced high quality membranes using a single-step catalysed hydrolysis 
[2,3,4] or a two-step catalysed hydrolysis sol-gel process [5,6]. Sol-gel derived films, which contain a large 
amount of silanol groups have pore sizes with molecular dimensions in the region of 3-4Å. Hence these 
materials are ideal precursors to synthesize membranes for gas separation. However, silanol groups are 
hydrophilic and easily react with water molecules, resulting in further changes in the matrix of silica-derived 
materials. Fotou et al. [7] reported that complete densification of pure silica membranes occurs at 800oC in a 
50% mol steam atmosphere.  
Novel synthesis methods designed to increase the hydrophobicity of MSS membranes include thermal 
treatment or surface modification using template agents. However, such methods may alter the micropore 
structure of the materials and hinder their molecular separation properties. Templates can be classified as 
organic covalent ligands (such as methyl groups [8]) or non-covalently bonded (such as surfactants [6]).   
De Vos et al. [8] recently embedded methyltriethoxysilane (MTES) into a sol-gel process prepared with 
tetraethylorthosilicate (TEOS), water, ethanol and acid.  This process introduces methyl groups to the silica 
matrix as template agents to enhance hydrophobicity. These membranes showed good permeances while 
selectivities decreased due to a broader pore size distribution compared with membranes prepared without 
MTES. 
Various research groups have used non-covalently bonded organic templates, such as C6 and C16 
surfactants [6] and alkyltriethoxysilanes [9], to tailor the pore size of intermediate or top layers of 
membranes. Surfactant templated silica samples have a high porosity and narrow pore size distribution and 
therefore minimize flow resistance, surface roughness, and inherent support defects. A surfactant is selected 
by its length which influences the final pore size of the silica, the interaction with the solvent and the 
position of the silica network it should interact with in order to form pores and to increase the 
hydrophobicity. Giessler et al [1] recently reported hydrophobicity results of three types of xerogels: (i) 
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A new class of hybrid molecular sieve silica (MSS) membranes is developed and tested against standard and organic 
templated membranes.  The hybrid membrane is synthesized by the standard sol-gel process, integrating a template 
(methyltriethoxysilane - MTES) and a C6 surfactant (triethylhexylammonium bromide) into the silica film matrix.  After 
hydro treatment under a relative humidity of 96% for 50h, the hybrid membrane shows no changes in its gas separation 
capabilities or energy of mobility.  The structural characteristics and integrity of the hybrid membrane are retained due to 
a high concentration of organophilic functional groups and alkoxides observed using 29Si NMR.  In contrast, the 
structural integrity of the membranes prepared with non-templated films deteriorated during the hydro treatment due to a 
large percentage of silanol groups (Si-OH) which react with water. The hybrid membranes underwent a decrease in the 
H2/CO2 selectivity of only 1% whereas for the non-templated membrane a 21% decrease was observed.  The transport 
mechanism of the hybrid membranes is activated as permeation increased with temperature.  The activation energy for the 
permeation of H2 is positive while negative for CO2. The H2 permeation obtained was 3x 10-8 mol.m-2.s-1.Pa-1 and 
permselectivities for H2/CO2 and H2/N2 varied between 1-7 and 31-34, respectively. 
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standard TEOS; (ii) standard TEOS plus MTES; and (iii) standard TEOS plus C6 surfactant 
(triethylhexylammonium bromide).  They found that the surfactant xerogel was highly hydrophobic 
compared with the other xerogel samples.  Using 29Si NMR, they reported that the surfactant xerogel also 
had a higher proportion of siloxane bonds (Q4) and Me(OH)2Si-O-Si bonds (T3 and T2), reducing the 
percentage of the silanol hydroxyl bonds (Q3 and Q2).  These bonds react with water causing significant 
changes in the structure of silica films.  On the other hand, the presence of fully condensed species (Q4) and 
organophilic groups (T3 and T2) assisted the ability of the silica material to repel water. 
In the present study a novel hydrophobic MSS membrane derived from a standard TEOS sol plus MTES 
and C6 surfactant is tested (membrane surf 50/50). This novel membrane is an attempt to overcome the 
disadvantage of low selectivities observed for MTES-derived materials. The hybrid membrane is compared 
against membranes prepared with a 50/50 MTES/TEOS (membrane 50/50) ratio and 100 TEOS sol-gel 
derived membranes (membrane 100). Firstly, the xerogel samples are evaluated in terms of water adsorption 
using thermogravimetric analyses (TGA). A permeation model to describe the permeation of gases in 
micropores systems is developed to fit experimental data.  All membranes are tested to check their 
performance before and after hydro treatment.  The performance of membranes is described by their 
permeance, ideal permselectivity for H2/CO2 and H2/N2 and energy of mobility. In summary, the main aim 
of this work is to analyze the hydro stability of various membranes. 
 
EXPERIMENTAL 
Sol-gel preparation 
All sols prepared in this work are based on a two-step catalysed hydrolysis process. TEOS and MTES are 
used as the silica precursors mixed with ethanol (EtOH), nitric acid (HNO3) and distilled water.  In order to 
prevent hydrolysis while mixing EtOH and TEOS, the mixture was placed in an ice bath. The various 
compositions investigated in this work during two-step-derived gels, as well as the sample notations are 
listed in Table 1. 
The initial solution (1.step) of the sol 100 was refluxed under stirring in a water bath at 60 °C for 
180min. Additional water and nitric acid were then added drop-wise at room temperature, resulting in the 
final solution (2.step). This procedure is called a two-step process, whereas samples derived by mixing 
directly the final sols are called one-step sols. In the case of the 50/50 solutions, the initial solution was 
stirred for 165 min (1.step), before it was mixed with a MTES/EtOH solution (2.step) which has been cooled 
for 10 minutes in ice. The mixture was then stirred for an additional 15 min prior to adding water and nitric 
acid, resulting in the final solution (3.step). For the surf 50/50 solution an additional 1.66 g per 50 ml of sol 
of C6- surfactant (triethylhexylammonium bromide) was mixed into the final solution at ambient 
temperature.  
All sols were gelled in closed containers at 50 °C. Upon gelation the gels were dried under atmospheric 
conditions at 50 °C.  The bulk xerogels were then calcined at a heating rate of 0.5 °C.min-1 up to 500 °C, and 
held there for 4 hours. The 50/50 xerogel was calcined under a nitrogen atmosphere in order to prevent the 
burn-off of the methyl groups, whereas the surf 50/50 was calcined in air up to 350 °C and then in nitrogen. 
The 100 xerogel was calcined in air. 
 
Table 1: Compositions of the used sols 
 
Sample ID Method TEOS MTES EtOH HNO3 Water C6-surfactant 
Surf 50/50 1.step 
2.step 
3.step 
1 
1 
1 
0 
1 
1 
3.8 
7.6 
7.6 
0.0007 
0.0007 
0.1 
1.0 
1.0 
6.0 
 
 
4.2 wt% 
 
50/50 
1.step 
2.step 
3.step 
1 
1 
1 
0 
1 
1 
3.8 
7.6 
7.6 
0.0007 
0.0007 
0.1 
1.0 
1.0 
6.0 
- 
100 1.step 
2.step 
1 
1 
 3.8 
3.8 
5x10-5 
0.004 
1.1 
5.0 
- 
 
 
Membrane preparation 
The support used for the membranes was α-alumina (99.8% purity) with an average pore size of 0.5-1.0µm 
and a porosity of 30%. The supports were first smoothed with sandpaper and calcined 1 °C.min-1 up to 600 
°C with a holding period of 4 hours. Afterwards the support was coated once with Locron alumina (4.6 
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mol.l-1 Al and Cl, NaOH, Si) calcined at 1 °C.min-1 up to 600 °C (hold for 4 hours). Then it was coated 
twice with an intermediate layer consisting of a two-step acid hydrolysed sol with the composition 0.1 
MTES: 0.9 TEOS: 3.8 EtOH: 5.1 H2O: 0.056 HNO3, calcined at 1 °C.min-1 up to 500 °C (hold for 4 hours). 
Afterwards the top layers consisting of sols 100, 50/50 or surf 50/50 were dip-coated twice. All top layers 
were calcined at a heating rate of 0.5 °C.min-1 up to 400 °C. Here as well, the 50/50 sol was calcined under 
nitrogen, 100 under air and surf 50/50 in nitrogen above 350 °C.  The prepared sols were diluted for the dip-
coating. In the case of the intermediate layer, the sol was diluted 1:2 with ethanol, in the case of the top 
layers 1:19.   
Hydro treatment was applied to all membranes, by placing the samples in a closed container for 50h at 75 
°C and a relative humidity of 96%. This time interval seems to be sufficient as equilibrium water adsorption 
was obtained after the first 2 hours during the observation of water vapor adsorption isotherms [1]. 
 
Structural Characterization 
Thermogravimetric analysis (TGA) was performed using a Shimadzu TGA-50.  The TGA experiments were 
carried out for calcined samples up to 600 °C at the same ramping rates as the xerogel samples above 
mentioned.  The treatment was conducted under airflow of 70 cm3.min-1. 
Volumetric CO2 adsorption was carried out with a NOVA-1200 in order to determine the CO2 
adsorption isotherms. All non-supported silica samples were degassed for 3h at 230 °C. The CO2 adsorption 
experiments were performed in the range 0-100 °C under sub-atmospheric pressures (0-100 kPa). The 
isotherms are given by plotting the amount adsorbed (cc/g) versus the relative pressure (p/p0). 
Solid state 29Si NMR spectra of the xerogel samples were measured at 59.63 MHz on a Bruker MSL 300 
spectrometer.  The NMR spectra were deconvoluted using a Gauss-Lorentz curve fitting software 
(PeakFitTM, Jandel Scientific) with curve shape factor of 0.5. 
 
Gas permeation measurements 
Membrane gas permeation was measured in a dead-end mode using the test system shown in Figure 1. The 
measurements were performed as single gas permeations as well as binary/ternary mixture permeations 
using the Wicke-Kallenbach set-up. The system consists of two MKS-1 pressure transducers, a module 
which holds the membrane, a permeate reservoir, a vacuum pump and a computer to log the data from the 
transducers. The temperature was controlled with a PID controller. In the dead end mode, the permeate 
reservoir pressure changes from initially vacuum to a final condition. The permeabilities of hydrogen, 
carbon dioxide and nitrogen were measured at temperatures ranging from ambient to 200 °C with a pressure 
difference of 1 bar.  
 
Figure 1: Membrane test system for gas permeation 
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TRANSPORT MODELLING 
The diffusion of molecules in ultramicroporous (dp<5Å) materials can be modeled as an activated transport 
mechanism as proposed by Barrer [10].  If microporous flux is rate determining and the contribution of 
external surface flux is not significant; the activation energy (Ea) for permeation of gases is determined by: 
 
stma QEE −=                (1) 
 
where Qst is the isosteric heat of adsorption and Em is the energy of mobility required for molecules to jump 
from one site to another inside the micropore. Qst and Em can be determined through the van't Hoff relation 
(equation 2) and the Arrhenius relation (equation 3), respectively. 
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In the literature, non-modified silica derived materials generally result in linear isotherms for the majority 
of gases above 100 ºC. Thus, adsorption complies with Henry's law and K is the Henry constant. 
Kpc =                  (4) 
 
By substituting equations (1) to (4) into Fick’s Law, we obtain a temperature dependency for the flux in 
the Henry regime (see equation (5)).  Activated transport results in increased flux as a function of 
temperature.  This is unlike Knudsen diffusion, Poiseuille flow and surface diffusion, which show flux 
reduction with temperature. 
dx
dp
RT
E
KDJ aOOx 





−= exp             (5) 
MSS membrane systems consist of silica microporous layers (dp<5Å), intermediate 
microporous/mesoporous layers (10Å <dp<30Å) and a macroporous support (dp<50nm).  As an overall 
system of changing geometrical pore structure, the transport mechanism changes from activated transport in 
the top layer through to Knudsen diffusion to Poiseuille flow in the intermediate layers and membrane 
support, respectively.   
The research group of de Vos and Verweij [4] used the isosteric heat of adsorption of silicalite for 
modeling gas diffusion in MSS membranes.  Their argument relies on the fact that silicalite pore geometry is 
very similar to that of ultramicropore in silica derive films.  Hence, in this work the Qst results for silicalite 
reported in the literature (Table 2) are used. 
 
Table 2. Typical isosteric heat of adsorption (Qst) values (kJ.mol-1) 
 
Source CO2 H2 
          Golden [11] Dunne [12] 24 6 
          de Lange et al. [2] 22 6 
          Choudary [13] 20  
          Used in this study  22 6 
 
RESULTS 
The results using TGA in air for calcined xerogels are shown in Figure 2.  Sharp weight losses are observed 
for temperatures up to 150 oC for the 50/50 and especially the 100 xerogel. Initial weight losses from room 
temperature to 150 oC are mainly attributed to physisorbed water molecules trapped in the matrix of the 
xerogel.  The sample prepared with surfactant 50/50 shows no water loss at all. This means it hardly 
contains water or hydroxyl groups, which result from the hydrolysis reactions in the silica derived sol-gel 
process.  
The 29Si NMR spectra data for 50/50, 100 and surf 50/50 xerogels, calcined at 500oC are shown in Table 
3. The peaks with chemical shifts in the region –90 to –120 ppm are denoting the presence of silanols (Q2 
and Q3) and siloxanes (Q4) groups, whereas peaks with chemical shifts between –60 to –70 ppm are 
associated with Me(OH)2Si-O-Si bonds (T2 and T3). The chemical shifts are in agreement with values listed 
in the literature for xerogels prepared with TEOS and MTES [14,15]. The contribution of uncondensed 
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species (Q2 and Q3) is higher for the 100 xerogels. The 50/50 and surf 50/50 samples show a high percentage 
of fully condensed (Q4) and organophilic groups (T2 and T3). 
 
Table 3: 29Si NMR results, calcination at 500°C 
 
Sample ID 
 
Q4; % area 
peak center 
Q3; % area 
peak center 
Q2; % area 
peak center 
T2; % area 
peak center 
T3; % area 
peak center 
50/50 25.5%; -110 10.3%; -104 11.25%; -99.9 44.4%; -64.63 8.48%; -55.8 
100 28.2%; -111 60.3%; -102 11.4%; -92.6 - - 
Surf 50/50  23.93%; -110 6.59%; -104 6.45%; -101 55.4%; -65.48 7.6%; -57.87 
 
   Figure 2: TGA results for the calcined xerogels 
 
Figure 3: CO2 adsorption isotherms of a 50/50 xerogel 
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The CO2 adsorption capacity versus the partial pressure (p/p0) plots for a 50/50 xerogel are shown in 
Figure 3. It is observed that the adsorption capacity decreases with increasing temperature (0-100 ºC). Since 
the total adsorption capacity for the isotherms higher than 50 ºC is low, isotherms can only be calculated up 
to about 0.3 mol.kg-1. The surface coverage is then very low, with an upper bound of around 20%.  
The isotherm for 0 ºC is of Langmuir type. For higher temperatures the isotherms appear to have two 
linear regions rather than showing Langmuir behavior. This tendency increases with temperature.  
The isosteric heat of adsorption can be calculated using equations 2 and 4, assuming that the regions of 
low p/p0 follow Henry’s law.  The values of the isosteric heat of adsorption for hydrophobic 50/50 xerogels 
determined like this, and in a former study of this group for hydrophilic 100 xerogels [16] are listed in Table 
4. 
 
Table 4: Isosteric heat of adsorption calculated in this research and in a former research of this group [16] 
 
Material Qst (kJ.mol-1) 
      Single-step 100     [16] 16.8 
Two-step xerogel 100  [16] 16.5 
Single-step 50/50 14.13 
Two-step xerogel 50/50 13.18 
 
The temperature dependence of MSS membrane gas permeances for H2, CO2 and N2 are depicted in 
Figure 4 (a). The permeance of H2 at 200 ºC (3 x10-8 mol.m-2.s-1.Pa-1) is superior to those for CO2 and N2 of 
6 x10-9 and 1 x10-9 mol.m-2.s-1.Pa-1 respectively.  The H2 and N2 permeation is activated while CO2 shows 
the opposite trend as flux decreases with temperature. Figure 4(b) shows the ideal selectivity for H2/CO2 (1-
7) and H2/N2 (31-34).  
  
Figure 4: Permeance (a) and selectivity (b) of various gases for a MSS membrane 
 
Table 5 shows the activation energy and energy of mobility for the membranes tested in this work. The 
values of the isosteric heat of adsorption used for this calculation are given in Table 2. It is observed that the 
activation energy for H2 permeation is higher than for CO2.  However, the energy of mobility for diffusion 
of CO2 is higher than for H2.  The highest energy of mobility belongs to the 50/50 film and decreases from 
the surf 50/50 to the 100 film.   
 
Table 5: Activation energy and energy of mobility for H2 and CO2 referring to various membrane types   
Membrane top 
layer 
Ea (H2) 
(kJ.mol-1) 
Em (H2) 
(kJ.mol-1) 
Ea (CO2) 
(kJ.mol-1) 
Em (CO2) 
(kJ.mol-1) 
100 2 8 -7 15 
50/50 5 11 -1 21 
Surf 50/50 4 10 -4 18 
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The results of the hydro treatment are shown in Table 6.  The 100 films suffered a 21% reduction in 
H2/CO2 selectivity during the hydro treatment while the other membranes had only very small reductions of 
about 1%. After the hydro treatment the energy of mobility is decreased for CO2 and H2 respectively. The 
decrease is bigger in the case of H2.   
 
Table 6: Energy of mobility and permselectivity (at 200 °C) before and after the hydro treatment 
 
Membrane 
ID 
αH2/CO2  
before hydro 
αH2/CO2  
after hydro 
Em before 
hydro 
Em after 
hydro 
100 5.48 4.33 H2   8 
CO2 15 
H2    5.5 
CO2 14 
50/50 3.83 3.75 H2   11 
CO2 21 
H2   10.5 
CO2 20.3 
Surf 50/50 4.25 4.22 H2   10 
CO2 18 
H2   10 
CO2 17.7 
 
DISCUSSION 
The templated xerogels (Surf 50/50 and 50/50) show enhanced hydrophobicity compared to the non-
templated 100 xerogel according to the TGA curves. The 50/50 curve indicates that if calcination is carried 
out in air, the sol-gel process traps the template up to 450 ºC in the silica matrix.  The sample prepared with 
C6 surfactant is highly hydrophobic while the 100 xerogel is hydrophilic.  The hydrophobicity 
characteristics of surfactant derived xerogels is related to the high concentration of siloxane and 
organophilic functional groups in silica films [1]. As water does not attack siloxane groups or methyl 
templates, the structure of silica films is able to resist structural changes and collapse.  
For the analyzed hydrophobic 50/50 xerogels it appears that the CO2 adsorption isotherms above 20 ºC 
consist of two linear regions rather than showing Langmuir behavior. This tendency increases with 
temperature. For non-hydrophobic 100 xerogels de Lange et al. [2] determined linear isotherms with only 
one region. In this study the initial linear section of the isotherms corresponds to monolayer adsorption on 
the walls of supermicropores. Co-operative filling of the supermicropores occurs progressively over a range 
of higher p/p0 and in some cases is manifested by an upward deviation. The low slope in the second region 
signifies that multilayer adsorption has occurred on a relatively small external surface. The microporosity of 
the xerogel also enhances the adsorption in the sub-monolayer region and will therefore reduce the isotherm 
slope in the multilayer region. In the range of very low pressure, adsorption takes place on the most active 
hydroxyl sites of the surface. The molecular interactions are dependent on the particular surface composition 
and/or the pore structure, the polarities of the interacting functional groups and the adsorption temperature 
as stated by Rouquerol et al. [17]. The linear regions indicate that two different interactions occur. As the 
lateral extension of CH3 groups is larger than that of OH groups the interaction with CH3 groups takes place 
at higher p/p0 values. This effect has also been proven by de Vos et al. [8] determining the N2 and Ar 
isotherms for 50/50 and 100 samples. De Vos et al. [8] showed that the size of the adsorbing molecule and 
the specific surface interaction determined the shape of the isotherms. 
In the literature it has generally been assumed that the isosteric heat of adsorption for silica films are 
similar to those of silicalite. Various values for these are listed Table 2 [18]. However, assuming a variance 
of ± 3 the values listed in Table 2 are still higher than those determined in this study for the low relative 
pressure range (Table 4). The isosteric heat of adsorption given by Benes et al. [18] is determined for low 
coverage and standard silica xerogels. The difference observed between those xerogels and the methylated 
gels in this study is due to changes in the energy of interaction that occur when different functional groups 
coexist. This difference is highly dependent on the amount of functional groups in the silica network. 
However, for a definitive conclusion various modified silica xerogels must be analyzed. 
The permeation results show that the transport of gases through the membrane is activated due to 
increased permeance as a function of temperature with the exception of CO2. This is due to the fact that the 
activation energy for CO2 is negative, as shown in table 5. The reason for this is the higher isosteric heat of 
adsorption for CO2 for example compared to H2, which results in a stronger decrease of the concentration in 
the micropores as the temperature is increased, see de Lange et al.[20]. De Vos and Verweij [4] reported 
similar behavior of CO2 permeation in MSS membranes.  Nevertheless, the permeation model developed 
above is valid for the other gases as linearity is observed for their adsorption isotherms over the entire 
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temperature range used to test the membranes. One fundamental aspect of activated transport is that it is 
indicative of the quality of the membranes.  This means that membranes with a high energy of mobility have 
a narrow pore size distribution with pore sizes in the molecular dimension range.  According to Post [19], 
the energy of mobility increases with decreasing pore size.  The permeation tests show that the energy of 
mobility of CO2 is always higher for H2.  This relation is based on the fact that the kinetic diameter of H2 (dk 
= 2.89Å) is smaller than for CO2 (dk = 3.46Å).  In ultramicropore diffusion, diffusive resistance increases 
with increasing molecular size.  In other words, larger molecules require a higher energy of mobility for 
activated transport. 
An activation energy higher than 10 kJ.mol-1 is an indicator of a good quality membrane according to 
Burggraaf [21]. The membranes tested, resulted in values below 10 kJ.mol-1 (Table 5). Selectivity is also 
employed as a quality parameter.  The H2/CO2 selectivities between 1-7 are relatively low (Figure 4b).  As 
both parameters are not high, these results suggest that there might be large micropores or mesopores, which 
allow for parallel flux complying with Knudsen or Poisueille flows. This tendency was observed for about 
20 membranes tested during this work. The reproducibility for the membranes is about 75%. 
The H2 permeation of the membranes tested is one or two orders of magnitude below the results for 
hydrophilic MSS membranes reported in the literature [4,6,8]. Nevertheless, the permeation results for 
hydrophobic membranes in this work are similar or one order of magnitude lower than those reported 
recently by de Vos et al [8]. In addition, the performance of the membranes produced in this research fit 
easily into the permeation/selectivity range given for H2 selective microporous membranes by Prabhu et al. 
[22]. Although care was taken during the synthesis of the membranes, this process was carried out in normal 
laboratory conditions, which increase the risk of film defect due to dust.  One way of addressing this 
problem is by building up more layers of silica film resulting in thickness increase.  In this work, we used at 
least five layers and our films tend to be ten folds thicker than those produced in clean rooms by de Vos et al 
[8] and Tsai et al [6].  As the flux is inversely proportional to the thickness of membranes, the permeation 
results in this study are deemed to be lower than those reported in the literature. The aim of this work is 
however to analyze the hydro-stability of various membranes. Optimization of film thickness as a function 
of permeation is subject to further studies. 
The impact of the water vapor exposure is more evident in the standard silica membrane 100 than the 
templated 50/50 and surf 50/50 membranes. This can be seen by comparing the permselectivities determined 
before and after the hydro treatment as listed in Table 6. For membrane 100, the selectivity after the hydro 
treatment was reduced by 21%, whereas it only decreased by about 1% in the case of the 50/50 and surf 
50/50 membranes. Significant changes are also observed for the 100 membrane with a 30% decrease in the 
energy of mobility for H2 permeation and a slight decrease for CO2. This can be attributed to a collapse of 
the pore structure and narrowing of the pore size distribution as explained by Giessler et al. [1]. The 50/50 
membrane showed slight changes in the energy of mobility while the surf 50/50 samples had no changes at 
all.  As the permselectivity and energy of mobility reflect the membrane quality, these results suggest that 
the structural integrity of the surf 50/50 sample remained the same before and after hydro treatment.  The 
other membranes underwent structural changes. The most affected membrane was the non-templated 100 
membrane.  This is in accordance with the 29Si NMR results where the hydrophobic organic groups of the 
template are embedded in the silica network.  
 
CONCLUDING REMARKS 
Hybrid templated membranes were derived from a sol-gel process containing MTES and C6 surfactant. 
These membranes showed high resistance under hydro treatment when characterized by the permselectivity 
and activation energy for H2 and CO2, which remained the same prior to the hydro treatment.  The high 
concentration of organophilic functional groups (T2 and T3) and condensed species (Q4) helped to maintain 
the structural integrity of the hybrid membranes under hydro treatment.  The functional groups (Q4, T3 and 
T2) enhance the hydrophobicity of the membranes.  The hydro stability of the hybrid membranes was 
slightly better than the templated 50/50 membranes while it was significantly better than non-templated 100 
samples.  
The addition of C6 surfactant to a 50/50 sol indicates a possible method for overcoming the disadvantage 
of low selectivities observed for MTES-derived membranes. For the novel membranes, the energy of 
mobility was lower and the selectivity of H2/CO2 higher indicating they are of superior quality to the MTES-
derived 50/50 membranes. 
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NOMENCLATURE 
α selectivity factor [-] 
c  concentration [mol.m-3] 
D  diffusion constant [m2.s-1] 
dp  pore diameter [Å] 
Ea   activation energy [kJ.mol-1] 
Em  energy of mobility [kJ.mol-1] 
J  flux [mol.m-2.s-1] 
K   Henry constant [mol.Pa-1.g-1] 
P   permeance [mol.m-2.s-1.Pa-1] 
p   pressure [Pa] 
Qst  isosteric heat of adsorption [kJ.mol-1] 
q   amount adsorbed [mol.g-1] 
R   gas constant [J.mol-1.K-1] 
T   temperature [K] 
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